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OPTICAL MODULATION EMPLOYING
HIGH CONTRAST GRATING LENS

CROSS-REFERENCE TO RELATED
APPLICATIONS D

N/A

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT 10

N/A

BACKGROUND
15

Optoelectronic devices used in modern optoelectronic and
photonic applications generally include emitters that gener-
ate light such as, but not limited to, lasers and light emitting
diodes (LEDs), photodetectors such as, but not limited to,
photodiodes that receive and detect light, and optical modu- 20
lators to modulate one or both of an amplitude and a phase
of the light. For example, a popular emitter used in many
photonic systems 1s a vertical cavity surface emitting laser
(VCSEL). VCSELs are relatively inexpensive to manufac-
ture and utilize while being characterized by relatively high 25
performance and reliability. Photodiodes based on p-n and
p-1-n semiconductor junctions (e.g., PN photodiodes, PIN
photodiodes, etc.) are also very common in modern photonic
system and may provide high performance (e.g., high speed)
with concomitant exceptionally good reliability at relatively 30
low cost. Optical modulators may include, but are not
limited to, Fabry-Perot modulators, modulators based on
multiple quantum wells, and various light valve based
modulators (e.g., liquid crystal light valves).

In many cases, a lens 1s used and may even be required for 35
proper operation of an optoelectronic device. For example,

a lens may be used to focus or collimate light produced by

a VCSEL. The focusing may facilitate interfacing the
VCSEL with an optical fiber in an optical communication
system, for example. Similarly, lenses may be employed to 40
concentrate and focus light onto an active area of a photo-
detector or an optical modulator to improve one or both of
reception and detection of light.

BRIEF DESCRIPTION OF THE DRAWINGS 45

Various features of examples in accordance with the
principles described herein may be more readily understood
with reference to the following detailed description taken in
conjunction with the accompanying drawings, where like 50
reference numerals designate like structural elements, and in
which:

FIG. 1 illustrates a perspective view of a high contrast
grating, according to an example consistent with the prin-
ciples described herein. 55

FIG. 2 illustrates a cross-sectional view of an optical
modulation apparatus, according to an example of the prin-
ciples described herein.

FIG. 3 1llustrates a cross-sectional view of a Fabry-Perot
modulator, according to an example consistent with the 60
principles described herein.

FIG. 4 1llustrates a cross-sectional view ol an optical
modulation apparatus, according to another example con-
sistent with the principles described herein.

FIG. § illustrates a cross-sectional view ol an optical 65
modulation apparatus, according to yet another example
consistent with the principles described herein.

2

FIG. 6 illustrates a cross-sectional view of an optoelec-
tronic modulation apparatus employing a high contrast grat-

ing, according to an example consistent with the principles
described herein.

FIG. 7 1llustrates a cross-sectional view of an optoelec-
tronic modulation apparatus employing a high contrast grat-
ing, according to another example consistent with the prin-
ciples described herein.

FIG. 8 1llustrates a cross-sectional view of an optoelec-
tronic modulation apparatus employing a high contrast grat-
ing, according to another example consistent with the prin-
ciples described herein.

FIG. 9 illustrates a cross-sectional view of an optoelec-
tronic modulation apparatus employing a high contrast grat-
ing, according to another example consistent with the prin-
ciples described herein.

FIG. 10 1llustrates a cross-sectional view of an optoelec-
tronic modulation apparatus employing a high contrast grat-
ing, according to another example consistent with the prin-
ciples described herein.

FIG. 11 illustrates a cross-sectional view of an optoelec-
tronic modulation apparatus employing a high contrast grat-
ing, according to another example consistent with the prin-
ciples described herein.

FIG. 12 illustrates a flow chart of a method of optical
modulation, according to an example consistent with the
principles described herein.

Certain examples have other features that are one of 1n
addition to and 1n lieu of the features illustrated in the
above-referenced figures. These and other features are
detailed below with reference to the above-referenced fig-
ures.

DETAILED DESCRIPTION

Examples 1n accordance with the principles described
herein provide optoelectronics that employ a high contrast
grating to focus light. In particular, a high contrast grating 1s
configured as a lens to focus light onto an optical modulator,
according to various examples of the principles described
herein. Further, according to various examples, the light
focused by the high contrast grating lens 1s configured to
pass through a substrate between the high contrast grating
lens and the optical modulator. As such, a “back 1lluminated’
optical modulation apparatus i1s provided and the high con-
trast grating lens 1s located adjacent to the back surface of a
substrate supporting the optical modulation apparatus.
Moreover, the high contrast grating lens on or adjacent to a
back side of the substrate facilitates integration with the
optical modulator 1n the form of the optical modulation
apparatus. The optical modulation apparatus including the
integrated high contrast grating lens may enable flip-chip
mounting of the optical modulation apparatus, according to
some examples.

Herein, a high contrast grating 1s defined as a sub-
wavelength diffraction grating having a large refractive
index contrast. In particular, the large refractive index con-
trast of the high contrast grating may be provided by grating
clements (e.g., strips, bars, posts, etc.) having a relatively
high refractive index that are substantially surrounded by a
material or a medium having a relatively low refractive
index, according to some examples. For example, the high
contrast grating may include a plurality of spaced-apart bars
(1.., the grating elements) of a high refractive index or ‘high
index’ matenal (e.g., silicon, aluminum gallium arsenide,
etc.) surrounded by air, silicon dioxide, aluminum oxide or
another relatively low refractive index or ‘low index’ mate-
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rial. In other examples, the low index material 1s only
between the grating elements that include the high index
material. In yet other examples, the low index material may
be between the grating elements and also one of above or
below the grating elements that include the high index
material. According to various examples, one or both of the
high index material and the low index material 1s selected to
be substantially transparent at an operational wavelength of
the high contrast grating.

In some examples, the high contrast grating includes the
same low index material or medium between each of the
high imndex grating elements as well as above and below the
high 1index grating elements. In other examples, a material
between the high index grating elements includes a first low
index material, while a second low index material 1s one or
both of above and below the high index grating elements. In
yet other examples, a material above the high index grating
clements 1s the second low index material and a third low
index material 1s below the high index grating elements.

According to various examples, a diflerence between the
refractive index of the high index material and the refractive
index of the low index material 1s determined by a particular
application or use of the high contrast grating including, but
not limited to, an operational wavelength of the high contrast
grating. In some examples, the relatively high refractive
index may be about 2 or more times greater than the
relatively low refractive index. For example, the grating
clements may including a material having a refractive index
that 1s greater than about 2.0 and the material or medium
surrounding the grating elements may have a refractive
index of about 1.0. In another example, the high index
material may have a refractive imndex of about 3.5 (e.g.,
silicon, germanium, etc.) and the low index material may
have a refractive index of between about 1.0 and about 2.0
(e.g., silicon dioxide, germanium dioxide).

According to some examples, the high contrast grating 1s
substantially planar and may be characterized as either a
one-dimensional (1-D) grating structure or a two-dimen-
sional (2-D) grating structure. In particular, the high contrast
grating may be implemented 1n a substantially planar layer
as a 1-D or 2-D array of high contrast grating elements. For
example, a 1-D high contrast grating may include a plurality
ol substantially parallel bars or strips arranged 1n a planar
layer. In another example, a quasi-2D high contrast grating
may include a plurality of curved bars or strips, or bars
whose width 1s varied along the bar. In yet another example,
a plurality of spaced-apart rectangular, circular or elliptical,
etc., elements arranged 1n a layer as a 2-D array may provide
a 2-D high contrast grating. According to various examples,
the high contrast grating may be either a periodic grating or
a substantially non-periodic (i.e., aperiodic) grating.

FIG. 1 illustrates a perspective view of a high contrast
grating 10, according to an example consistent with the
principles described herein. In particular, the high contrast
grating 10 illustrated 1n FIG. 1 1s a 1-D high contrast grating
10. The high contrast grating 10 includes a plurality of
substantially parallel, rectangular bars 12 arranged in a
planar layer (e.g., a layer in an x-y plane, as illustrated). A
center-to-center spacing between the rectangular bars 12 1s
less than a wavelength at which the high contrast grating 10
1s to be operated or used (1.e., an operational wavelength).
The rectangular bars 12 include a material having a high
refractive index and are surrounded by a medium 14 having,
a low refractive index. For example, the rectangular bars 12
may include silicon, while the medium 14 may include
silicon dioxide, or air, as illustrated.
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Herein, a high contrast grating (HCG) lens 1s defined as
a high contrast grating configured to function as a lens to
focus or collimate light. Further, by definition herein, the
HCG lens includes a high contrast grating having a grating
pitch small enough to substantially suppress all but a zeroth
(0™ order diffraction mode at an operational wavelength of
the HCG lens. According to various examples, all higher
order diffraction modes are below a cutoll at the operational
wavelength of the HCG lens. In particular, by definition
herein, the HCG lens 1s a non-periodic, high contrast grating
that supports only the zeroth order difiraction mode and that
1s configured to provide a predetermined phase front modi-
fication to the light passing through the HCG lens, where the
phase front modification 1s consistent with that of a lens
(e.g., the HCG lens acts to bend and focus light). For
example, the phase front modification may be consistent
with that provided by a refractive lens.

In some examples (not illustrated), one or both of a
spacing between grating elements and a width or size of the
grating elements of the HCG lens 1s varied as a function of
distance across or along a grating structure of the HCG lens
to provide the predetermined phase front modification. In
some examples (e.g., as 1llustrated 1n FIG. 1), the HCG lens
may be a 1-D lens in which the pre-determined phase front
modification 1s provided in only one direction (e.g., an
x-direction substantially parallel to a plane of the HCG lens).
In other examples, the HCG lens 1s a 2-D lens configured to
provide the predetermined phase front modification 1n two
substantially orthogonal directions (e.g., an x-direction and
ay-direction). According to various examples, the predeter-
mined phase front modification provided by the HCG lens
may correspond to or be consistent with a phase front
modification provided by substantially any arbitrary lens
(e.g., any refractive lens design or shape). For example, the
predetermined phase front modification of or provided by
the HCG lens may be consistent with that of a convex lens
(e.g., refractive plano-convex, refractive biconvex, etc.). In
some examples, the HCG lens may implement a collimating
lens. In some examples, the HCG lens may implement an
ofl-axis or tilted beam lens.

Herein, an ‘electrorefraction modulator’ 1s defined as a
device used to modulate light using an electro-optic ellect.
In particular, the electro-optic effect in the electrorefraction
modulator 1s a change 1n refractive index produced by an
clectric field applied to or carrier injection/depletion into the
clectrorefraction modulator, by definition herein. The
change 1n refractive index in an electrorefraction modulator
produces a change 1n an optical length (e.g., cavity resonant
length) resulting 1n optical modulation of light leaving the
clectrorefraction modulator. Herein, an ‘electroabsorption
modulator’ 1s defined as a device used to modulate light
using a change in optical absorption or optical gain produced
by an electric field applied to or carrier injection to the
clectroabsorption modulator, respectively. In particular, 1n
an electroabsorption modulator, optical absorption or gain
may cause a change in a quality factor or ‘Q’ of a cavity
leading to modulation of light exiting the cavity.

Further, as used herein, the article ‘a’ 1s intended to have
its ordinary meaning in the patent arts, namely ‘one or
more’. For example, ‘a lens’ means one or more lenses and
as such, ‘the lens’ means ‘the lens(es)’ herein. Also, any
reference herein to ‘top’, ‘bottom’, ‘upper’, ‘lower’, ‘up’,
‘down’, ‘front’, ‘back’, ‘left’ or ‘right’ 1s not imntended to be
a limitation herein. Herein, the term ‘about’ when applied to
a value generally means within the tolerance range of the
equipment used to produce the value, or in some examples,
means plus or minus 10%, or plus or minus 3%, or plus or
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minus 1%, unless otherwise expressly specified. Further,
herein the term °‘substantially’ as used herein means a
majority, or almost all, or all, or an amount with a range of
about 51% to about 100%, for example. Moreover, examples
herein are intended to be illustrative only and are presented
for discussion purposes and not by way of limitation.

FIG. 2 illustrates a cross-sectional view ol an optical
modulation apparatus 100, according to an example of the
principles described herein. According to some examples,
the optical modulation apparatus 100 1s 1lluminated by light
102 incident on the optical modulation apparatus 100. The
incident light 102 may be substantially un-modulated or
direct current ‘DC’ light. For example, the incident light 102
may be emitted by a DC light source such as, but not limited
to, a laser or a light emitting diode (LED). In another
example, the incident light 102 may be an output beam from
an optical fiber. The optical modulation apparatus 100 1s
configured to modulate the incident light 102 and produce
modulated light 104, according to various examples. In FIG.
2, an extent of the incident light 102 1s illustrated using a
solid line, while an extent of the modulated light 104 1s
illustrated using a dashed line. Bold arrows are also used to
illustrate a direction of the incident light 102 and modulated
light 104, respectively.

According to various examples, a substrate 106 of the
optical modulation apparatus 100 1s substantially transparent
to the incident light 102 and may be configured for attach-
ment using so-called ‘flip-chip’ attachment to a carrier or
motherboard adjacent to a first or “front’ side or surface 1064
of the substrate 106. In particular, the substrate 106 1is
substantially transparent to light (e.g., the incident light 102)
at an operational wavelength of the optical modulation
apparatus 100, according to various examples. Further, to
support the thp-chip attachment, the optical modulation
apparatus 100 1s configured to receive the incident light 102
through a second or ‘back’ side or surface 1066 of the
substrate 106 opposite the front surface 106a, according to
various examples. The incident light 102 may readily pass
through the substantially transparent substrate 106 with
relatively little optical loss at the operational wavelength of
the optical modulation apparatus 100, according to various
examples. Electrical contacts or pads and other circuit
clements (not illustrated mn FIG. 2) used to interconnect and
power the optical modulation apparatus 100 may be pro-
vided on the front surface 106a to facilitate tlip-chip attach-
ment, according to various examples.

The optical modulation apparatus 100 includes an optical
modulator 110. According to various examples, the optical
modulator 110 1s at the front surface 106a of the substrate
106 of the optical modulation apparatus 100. The optical
modulator 110 1s configured to modulate light received by
the optical modulation apparatus 100, according to various
examples. The light modulated by the optical modulator 110
1s emitted as modulated light 104. In some examples, the
optical modulator 110 1s a reflective optoelectronic modu-
lator configured to emit the modulated light 104 through the
substrate 106 and out the back surface 1065. In other
examples, the optical modulator 110 1s a transmissive opto-
clectronic modulator configured to emit the modulated light
104 1n a direction away from the substrate 106.

According to some examples, the optical modulator 110 1s
a Fabry-Perot modulator 110. The Fabry-Perot modulator
110 includes a Fabry-Perot cavity. The Fabry-Perot cavity
includes a pair of spaced apart retlectors, according to
various examples. According to various examples, a modu-
lation material 1s included within the Fabry-Perot cavity to
produce the Fabry-Perot modulator 110. The modulation
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material may one or both of change an optical length and
change a quality factor Q of the Fabry-Perot cavity 110 to
provide optical modulation, 1n some examples. The change
in one or both the optical length and the quality factor may
be provided according to a variety of means or eflects
including, but not limited to, an electro-optic eflect (e.g., a
linear or Pockels electro-optic eflect, a quadratic or Kerr/
Franz-Keldysh electro-optic eflect), free carrier plasma dis-
persion (e.g., by carrier injection, carrier depletion, etc.),
heat and various acoustic or mechanical means.

In some examples, the Fabry-Perot modulator 110 1s an
clectrorefraction modulator (1.e., provides modulation by
clectrorefraction) and further includes an electrorefraction
maternial (1.e., the modulation material) within the Fabry-
Perot cavity. In other examples, the Fabry-Perot modulator
110 1s an electroabsorption modulator (1.e., provides modu-
lation by electroabsorption) and further includes an elec-
troabsorption material (1.e., the modulation material) within
the Fabry-Perot cavity. In some examples, the Fabry-Perot
modulator 110 includes both an electrorefraction material
and an electroabsorption material within the Fabry-Perot
cavity. For example, the material within the Fabry-Perot
cavity may provide both electrorefraction and electroabsorp-
tion. In these examples, the Fabry-Perot modulator 110 may
be both an electrorefraction modulator and an electroabsorp-
tion modulator.

FIG. 3 illustrates a cross-sectional view of a Fabry-Perot
modulator 110, according to an example consistent with the
principles described herein. In particular, the Fabry-Perot
modulator 110 1s a vertical cavity Fabry-Perot modulator. As
illustrated, the Fabry-Perot modulator 110 1includes an active
layer 112 between a pair of layers 114, 116 on ecither side of
the active layer 112 that serves as reflectors to define the
Fabry-Perot cavity. The reflector layers 114, 116 are also
known as Fabry-Perot etalon plates or layers. As 1llustrated,
the Fabry-Perot modulator 110 may be on a substrate 118. In
some examples, the substrate 118 may be substantially
transparent. In some examples, the substrate 118 may be the
substrate 106 of the optical modulation apparatus 100.

In some examples, one or both of the reflector layers 114,
116 may include a distributed Bragg reflector (DBR). For
example, the DBR of one or both of the reflector layers 114,
116 may include alternating layers of materials with ditler-
ing refractive indices including, but not limited to, silicon
(S1) alternating with silicon dioxide (510,), imndium phos-
phide (InP) alternating with indium gallium arsemide phos-
phide (InGaAsP), aluminum oxide (AlO_) alternating with
gallium arsenide (GaAs), aluminum gallium arsenide (Al-
GaAs) alternating with GaAs, and aluminum gallium
arsenide (AlGaAs) alternating with aluminum arsenide
(AlAs). In other examples, one or both of the reflector layers
114, 116 may include another type of retlector including, but
not limited to, a metal retlector and a high contrast grating,
(HCG) mirror.

According to some examples, the active layer 112 may
include a bulk semiconductor. For example, the bulk semi-
conductor may include a semiconductor material such as,
but not limited to, gallium arsemde (GaAs), indium phos-
phide (InP), or combinations thereof. The bulk semiconduc-
tor may be intrinsically or substantially un-doped, for
example. According to some examples, the reflector layers
114, 116 in combination with the bulk semiconductor mate-
rial of the active layer 112 may form a p-1-n or PIN diode.

In other examples, the active layer 112 may include
multiple quantum wells (MQWs), e.g., 1n layers or as
quantum dots. The MQWs located with in the active layer
112 may provide electroabsorption modulation in the Fabry-
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Perot modulator 110, according to some examples. In par-
ticular, electroabsorption modulation may be associated
with using the so-called ‘quantum-confined Stark effect’ in
the active layer 112 that includes MQWs. For example, the
MQWs of the active layer 112 may include a plurality of
alternating layers of gallium arsenide (GaAs) and aluminum
gallium arsenide (AlGaAs). Each layer of the plurality of
layers may be about 100 angstroms (A) thick (e.g., 100-A
GaAs/100-A AlQO, ,Ga, 4As), for example. Application of
an electric field to the MQWs substantially perpendicular to
the alternating layers may change or shiit a level or amount
ol an optical absorption 1n the quantum wells (e.g., the GaAs
layers) formed by the alternating layers (1.e., the quantum-
confined Stark eflect), resulting 1n an overall change 1n the
optical absorption of the active layer 112. In another
example, the alternating layers of the MQWs may include,
but are not limited to, mndium galllum arsenide (InGaAs)
layers alternating with AlGaAs layers, indium gallium
arsenide phosphide (InGaAsP) layers alternating with InP,
and germanium (Ge) layers alternating with silicon germa-
nium (S1Ge) layers. According to some examples, the reflec-
tor layers 114, 116 in combination with the MQWs of the
active layer 112 may form an a p-1-n or PIN diode structure
(e.g., with the reflector layers 114, 116 as the n-type and
p-type layers, respectively, and the MQWs as the intrinsic or
‘1’ layer). According to other examples, another layer or
layers within the active layer 112 may act as respective
one(s) ol the n-type and p-type layers of the PIN diode
structure.

According to some examples, the substrate 106 of the
optical modulation apparatus 100 may be a Fabry-Perot
modulator substrate that includes a semiconductor material
such as, but not limited to, gallium arsenide (GaAs), indium
phosphide (InP), or combinations thereof. For example, the
reflector layers 114, 116 and intervening active layer 112
may be fabricated one or both of on and in the semicon-
ductor material of the substrate 106. In other examples, the
substrate 106 may include a dielectric material such as, but
not limited to, glass, as a support substrate on which the
Fabry-Perot modulator 110 1s fabricated.

In other examples, the Fabry-Perot modulator 110 may
include a Fabry-Perot modulator chip or water that 1is
attached to the front surface 106a of the substrate 106. The
Fabry-Perot modulator chip or wafler containing a plurality
of optoelectronic layers that form the Fabry-Perot modulator
110 may be attached to the front surface 106a by waler
bonding, for example. The attached Fabry-Perot modulator
110 chip or wafer 1s configured to modulate the incident light
102 received through the substrate 106, according to various
examples. For example, the Fabry-Perot modulator 110 chip
or waler may include, but 1s not limited to, a plurality of
layers of semiconductor materials such as, but not limited to,
GaAs, InP, AlGaAs and InGaAs. The Fabry-Perot modulator
110 chip or waler may be waler bonded to another material
to act as the substrate 106. For example, materials other than
GaAs and InP such as, but not limited to, silicon (S1) and
glass, may be used as the substrate 106 onto which the
Fabry-Perot modulator 110 chip or wafer 1s water bonded. In
some examples, the substrate 106 and the Fabry-Perot
modulator 110 chip or waler may include substantially the
same material.

Referring again to FIG. 2, the optical modulation appa-
ratus 100 further includes a high contrast grating (HCG) lens
120. The HCG lens 120 1s adjacent to a back surface 1065
of the substrate opposite to the front surface 106a. The HCG
lens 120 1s configured to focus light incident on the optical
modulation apparatus 100. In particular, the HCG lens 120
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1s configured to focus the incident light 102 onto the optical
modulator 110, e.g., the Fabry-Perot modulator, according to
various examples. The focused incident light serves as the
received light that 1s modulated by the optical modulator
110. In some examples, the HCG lens 120 1s further con-
figured to tilt or slant (1.e., change a direction of) the focused
incident light relative to a direction of the incident light 102.
In some examples, the HCG lens 120 also 1s configured to
focus the modulated light 104 produced by the optical
modulator 110. For example, the HCG lens 120 may colli-
mate the modulated light 104 produced or emitted by the
optical modulator 110 1n a direction toward the back surface
1065 of the substrate 106. In some examples, the HCG lens
120 1s a one-dimensional (1-D) lens. In other examples, the
HCG lens 120 1s a two-dimensional (2-D) lens.

According to some examples, the HCG lens 120 may
include a layer of a first material. The first material layer
may be separated from the substrate 106 back surface 10656
by one or both of a spacer and a cavity having a refractive
index that 1s lower relative to the refractive index of the first
layer material of the HCG lens 120. Various configurations
of the HCG lens 120 including the layers thereol are
described in more detail below.

In some examples (e.g., as 1llustrated 1n FIG. 2), the HCG
lens 120 may include an HCG layer 122 adjacent to the back
surface 1065 of the substrate 106. In some examples, the
HCG layer 122 may be spaced apart from the back surface
1066 by a spacer layer 124. In various examples, the HCG
layer 122 may be a layer of matenal such as, but not limited
to, S1, GaAs, InP or other semiconductor materials. For
example, the HCG layer 122 may include, but 1s not limited
to, a layer of amorphous Si1, poly-Si, or silicon carbide (S1C).

According to various examples, the spacer layer or spacer
124 serves as a standoll to separate the HCG layer 122 from
the substrate back surface 106b. In these examples (not
illustrated in FIG. 2), the HCG layer 122 may be suspended
over and spaced apart from the back surface 10656 of the
substrate 106 by the spacer layer or spacer 124. Further, the
spacer or spacer layer 124 may include a cavity (not 1llus-
trated 1n FIG. 2) between the HCG lens 120 and the substrate
106 (e.g., see discussion below with respect to FIG. 6). For
example, the HCG layer 122 including amorphous S1 may be
spaced apart from the substrate back surface 1065 by the
spacer 124 that includes silicon dioxide (S10,). The S10,
spacer 124 may be formed by a layer of S10, acting as a
sacrificial layer using microelectromechanical systems
(MEMS) fabrication techniques to suspend a portion of the
HCG layer 122 that includes the HCG lens 120, for example.
In particular, the cavity may be provided by removal of a
portion of the sacrificial layer below HCG layer 122 to
suspend the portion of the HCG layer 122 that includes the
HCG lens 120.

In some examples, the HCG lens 120 1s suspended 1n air
and the cavity 1s an air-filled cavity, for example as 1llus-
trated in FIG. 6 described below. In particular, air may
surround the HCG lens 120 and fill 1n between the high
index grating elements thereof. Further, air may substan-
tially fill the cavity between the HCG layer 122 and the back
surface 1065 of the substrate 106. In other examples (also
not illustrated in FIG. 2), another material may {ill or at least
partially fill the cavity. For example, the cavity may be filled
by another low refractive index material other than air or
even a vacuum. In another example, the cavity may be filled
or partially filled by an encapsulating material, for example,
see FIG. 8. In particular, the HCG lens 120 may be encap-
sulated by the encapsulating material or ‘encapsulant.” The
encapsulating material may protect the HCG lens 120,
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according to some examples. For example, the encapsulating
material may protect the HCG lens 120 from processing
(e.g., etching, etc.) that occurs after the fabrication of the
HCG lens 120 or from an operational environment. The
encapsulating material may include, but i1s not limited to,
silicon nitride or a similar material having a low refractive
index relative to a material of the HCG lens 120. In other
examples, the encapsulating material may be a liquid poly-
mer or glass material that 1s, for example, spin coated onto
the surface. In yet other examples, the encapsulating mate-

rial may include a polymer or glass film laminated onto the
HCG layer 122 to cover the HCG lens 120. For example, see

FIG. 8 described below.

In some examples, the optical modulation apparatus 100
turther includes a means for separating the incident light 102
and the modulated light 104. For example, as illustrated 1n
FIG. 2, the optical modulation apparatus 100 may further
include an optical circulator 130 (illustrated schematically)
to separate the modulated light 104 produced by the optical
modulator 110 from the mncident light 102. In particular, the
incident light 102 enters the optical circulator 130 and 1is
directed toward the optical modulator 110. Following modu-
lation by the optical modulator 110 (e.g., the Fabry-Perot
optical modulator), the modulated light 104 re-enters the
optical circulator 130 and 1s then directed by the optical
circulator 130 1n a direction that differs from a direction of
the incident light 102. In other examples, another means of
separating the incident light 102 from the modulated light
104 may be employed.

FIG. 4 1llustrates the optical modulation apparatus 100,
according to another example consistent with the principles
described herein. In particular, FIG. 4 1llustrates the optical
modulation apparatus 100 further comprising another HCG
lens 120'. The other HCG lens 120" 1s adjacent to and 1n
some examples spaced from the back surface 1065 of the
substrate 106 and laterally displaced from the first-men-
tioned HCG lens 120, as 1llustrated. The first HCG lens 120
1s configured to focus the incident light 102, and the other or
second HCG lens 120' 1s configured to focus the modulated
light 104 produced by the optical modulator 110, for
example the Fabry-Perot modulator 110. The lateral dis-
placement of the first or incident light-focusing HCG lens
120 and the second or modulated light-focusing HCG lens
120" provides the separation of the incident light 102 and the
modulated light 104. Specifically, the mncident light 102 1s
focused and tilted by the incident light focusing HCG lens
120 onto the Fabry-Perot modulator 110. The Fabry-Perot
modulator 110 modulates the focused and tilted incident
light 102 to produce modulated light 104 that propagates 1n
a direction toward the other HCG lens 120'. The other HCG
lens 120' focuses and tilts the modulated light 104 that exits
the optical modulation apparatus 100, as illustrated. Note
that the focused and tilted modulated light 104 1s laterally
displaced from the incident light 102 by virtue of the lateral
displacement of the other HCG lens 120" relative to the HCG
lens 120 that focuses and tilts the incident light 102. As such,
the incident light 102 and the modulated light 104 are
separated from one another. As was the case for the optical
modulation apparatus 100 1illustrated in FIG. 2, the optical
modulation apparatus 100 1llustrated 1n FIG. 4 1s a reflective
optical modulation apparatus.

FIG. 35 illustrates an optical modulation apparatus 100,
according to yet another example consistent with the prin-
ciples described herein. In particular, the optical modulation
apparatus 100 illustrated 1n FIG. 5 1s a transmissive optical
modulation apparatus configured to emit the modulated light
104 away from the front surface 106a of the substrate 106.

10

15

20

25

30

35

40

45

50

55

60

65

10

In other words, incident light 102 enters the optical modu-
lation apparatus 100 through the HCG lens 120 at the back

surface 1066 of the substrate 106. The incident light 102
having been focused by the HCG lens 120 1s then modulated
by the optical modulator, e.g., the Fabry-Perot modulator
110, to produce the modulated light 104. The modulated
light 104 exits the Fabry-Perot modulator 110 at the front
surface 106a of the substrate 106 without re-entering the
substrate 106. As such, the modulated light 104 1s separated
from the mncident light 102 by the optical modulator 110, or
more specifically by the presence of the substrate 106.
Although not 1llustrated in FIG. 5, the HCG lens 120 may tilt
the focused incident light 102 to provide further separation
from the modulated light 104 that 1s directed away from the
front surtace 106a of the substrate 106. For example, tilting
the incident light 102 may insure that any incident light 102
and modulated light 104 are not back reflected toward the
source of the mncident light 102.

In some examples (not illustrated i FIGS. 2-5), the
optical modulation apparatus 100 further includes an anti-
reflection coating, for example as 1llustrated and described
below with respect to FIG. 6. The antiretlection coating may
be located on the substrate 106 between the HCG lens 120
and the back surface 1065 of the substrate 106. The antire-
flection coating 1s an optical layer configured to reduce
reflection of incident light 102 at the substrate back surtace
1065, by definition herein. The antiretlective coating may be
deposited, for example, by vapor deposition, between the
spacer 124 and the substrate 106. In other examples, the
antiretlective coating may be deposited by vapor deposition
through openings of the HCG lens 120, according to some
examples. For example, one or more layers that include a
combination of silicon nitride and silicon dioxide (e.g., 1n
varying ratios) may be used as an antireflection coating on
the substrate 106 that, for example, includes silicon.

FIG. 6 1llustrates a cross-sectional view of an optoelec-
tronic modulation apparatus 200 employing a high contrast
grating, according to an example consistent with the prin-
ciples described herein. The optoelectronic modulation
apparatus 200 includes a transparent substrate 210 having a
first surface and a second surface opposite the first surface.
The transparent substrate 210 1s configured to transmit light
202 incident on the optoelectronic modulation apparatus
200. The transmitted incident light 202 may be at or include
an operational wavelength of the optoelectronic modulation
apparatus 200, for example. In particular, the transparent
substrate 210 may be substantially transparent to the inci-
dent light at the operational wavelength. In some examples,
the transparent substrate 210 may be substantially similar to
the substrate 106 described above with respect to the optical
modulation apparatus 100. FIG. 6 illustrates the incident
light 202 as substantially collimated incident light, by way
of example and not limitation.

The optoelectronic modulation apparatus 200 further
includes an optoelectronic modulator 220. The optoelec-
tronic modulator 220 1s at the first surface of the transparent
substrate 210, as 1illustrated in FIG. 6. In various examples,
the optoelectronic modulator 220 1s configured to modulate
the transmitted incident light 202 received through the
transparent substrate 210 second surface. In particular, the
optoelectronic modulator 220 may provide modulation that
1s substantially similar to the modulation provided by a
Fabry-Perot modulator, for example as described above for
the optical modulator 110 of the optical modulation appa-
ratus 100. In other examples, the optoelectronic modulator
220 may include another optical modulator such as, but not
limited to, a multiple quantum well (MQW) modulator (e.g.,
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without a Fabry-Perot cavity) and a liquid crystal light valve.
Further, according to various examples, the optoelectronic
modulator 220 may be either a retlective optical modulator
or a transmissive optical modulator.

The optoelectronic modulation apparatus 200 further
includes a high contrast grating (HCG) layer 230. The HCG

layer 230 1s adjacent to the second surface of the transparent
substrate 210, according to various examples. Further,
according to various examples, the HCG layer 230 1s con-
figured to provide an HCG lens 232 to focus the incident
light 202. In particular, the HCG lens 232 1s configured to
focus the 1ncident light 202 transmitted through the trans-
parent substrate 210 onto the optoelectronic modulator 220
as the transmitted mcident light 202.

In some examples, the optoelectronic modulation appa-
ratus 200 further includes a spacer layer 240 between the
HCG layer 230 and the transparent substrate 210. In some
examples, the spacer layer 240 1s configured to suspend the
HCG lens 232 of the HCG layer 230 above and spaced from
the second surface of the transparent substrate 210. In some
examples, the spacer layer 240 may be substantially similar
to the spacer layer 124, described above with respect to the
optical modulation apparatus 100. In particular, the spacer
layer 240 may serve as a standofil between the HCG layer
230 and the second surtace of the transparent substrate 210.
In particular, the spacer layer 240 may provide a space or
cavity between the HCG lens 232 and the transparent
substrate 210, as described below. In other examples (not
illustrated), a hole, cavity, or depression may be provided
(e.g., by etching) in the transparent substrate 210 1itself (e.g.,
as opposed to the spacer layer 240) and the HCG layer 230
may be suspended above the hole, cavity or depression 1n the
substrate 210, for example.

FIG. 6 further illustrates the spacer layer 240 including a
cavity 242 to suspend the HCG lens 232. In particular, the
HCG layer 230 spans across an opening 1n the spacer layer
240 that forms the cavity 242. The HCG lens 232 1s located
in a portion of the HCG layer 230 that spans the opening to
suspend the HCG lens 232 over the cavity 242. FIG. 6 also
illustrates an anftireflection layer 250 between the cavity 242

and the second surface of the substrate 210. The antiretlec-
tion layer 250 may be substantially similar to the antireflec-
tion layer described above with respect to the optical modu-
lation apparatus 100, for example. In other examples (not
illustrated 1n FIG. 6), the spacer layer 240 does not 1include
a cavity. In these examples, the spacer layer 240 may be
located under and provide support to the HCG layer 230
including the HCG lens 232, for example as illustrated 1n
FIGS. 2, 4 and 5).

FIG. 7 1llustrates a cross-sectional view of an optoelec-
tronic modulation apparatus 200 employing a high contrast
grating, according to another example consistent with the
principles described herein. The HCG lens 232 may be
formed by etching a pattern 1n the HCG layer 230. The
pattern etching may further etch the spacer layer 240 below
the HCG layer 230 with substantially the same pattern as the
HCG lens 232 that may further expose the substrate 210 (or
an antiretlective coating 250 on the substrate 210) through
the spacer layer 240. Accordingly, a portion 240' of the
spacer layer 240 that remains below the HCG lens 232 may
serve to support elements that make up the HCG lens 232.
Further, while the spacer layer 240 may be substantially
without a cavity, the etched portions of the spacer layer 240
between the HCG lens 232 elements provide holes through
the spacer layer 240 that may serve to provide a similar
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reduction 1n an mdex of refractive surrounding the HCG lens
232 as would be provided by a cavity, according to some
examples.

FIG. 8 illustrates a cross-sectional view of an optoelec-
tronic modulation apparatus 200 employing a high contrast
grating, according to another example consistent with the
principles described herein. In particular, the HCG lens 232
of the HCG layer 230 1s encapsulated by an encapsulating
material 260, as illustrated 1n FIG. 8. The encapsulating
material 260 covers a surface of the HCG layer 230 and also
substantially fills both 1n between the HCG lens 232 ele-
ments and the cavity below the HCG lens 232, as 1llustrated.
In some examples, the encapsulating material 260 may be
substantially similar to the encapsulating material described
above with respect to the optical modulation apparatus 100.

In some examples, the optoelectronic modulation appa-
ratus 200 further includes a water-bonded support layer or
substrate. The waler-bonded support substrate 1s configured
to support the HCG layer 230 adjacent to the second surtace
ol the transparent substrate 210. For example, the HCG layer
230 may be provided on the watfer-bonded support substrate.
The water-bonded support substrate may then be wafer
bonded onto the transparent substrate 210 to position the
HCG layer 230 adjacent to the substrate second surface. In
some examples, the HCG layer 230 1s on a surface of the
waler-bonded support substrate that 1s adjacent to and facing
the transparent substrate 210 second surface. In other
examples, the HCG layer 230 1s on a surface of the wafer-
bonded support substrate that 1s opposite to the surface of the
waler-bonded support substrate that 1s adjacent to and facing
the transparent substrate second surface.

According to various examples, the waler-bonded support
substrate may 1nclude substantially any material or combi-
nation ol materials that may be used to support the HCG
layer 230 and further that may be waler bonded to the
transparent substrate 210. For example, the waler-bonded
support substrate may include glass or a similar optically
transparent material. In other examples, the water-bonded
support substrate may include a semiconductor material
such as, but not limited to, one or more of silicon (S1),
gallium arsenide (GaAs) and indium phosphide (InP). The
waler-bonded support substrate may have a coeflicient of
thermal expansion (CTE) that 1s matched to a CTE of the
transparent substrate 210, according to some examples. For
example, a glass material that 1s CTE matched to a material
of the transparent substrate 210 may be employed for the
waler-bonded support substrate. In some examples, the
waler-bonded support substrate and the transparent substrate
210 may include the same material.

FIG. 9 1llustrates a cross-sectional view of an optoelec-
tronic modulation apparatus 200 employing a high contrast
grating, according to another example consistent with the
principles described herein. In particular, FIG. 9 illustrates
the optoelectronic modulation apparatus 200 including the
transparent substrate 210, the optoelectronic modulator 220
at a first surface of the transparent substrate 210, and the
HCG layer 230 with the HCG lens 232 adjacent to and
spaced from a second surface of the transparent substrate
210 by a spacer layer 240. FIG. 9 also illustrates a wafer-
bonded support substrate 270 configured to support the HCG
layer 230 from a side of the HCG layer 230 opposite to the
side that 1s adjacent to the transparent substrate second
surface. As 1llustrated, HCG layer 230 1s between transpar-
ent substrate 210 second surface and the water-bonded
support substrate 270. According to some examples (not
illustrated), the spacer layer 240 may be omitted.
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FIG. 10 1llustrates a cross-sectional view of an optoelec-
tronic modulation apparatus 200 employing a high contrast
grating, according to another example consistent with the
principles described herein. In this example, the optoelec-
tronic modulation apparatus 200 includes the transparent
substrate 210, the optoelectronic modulator 220 at a first
surface of the transparent substrate 210, the HCG layer 230
with the HCG lens 232, and the waler-bonded support
substrate 270, described above with respect to FIG. 9.
However, as illustrated 1in FI1G. 10, the water-bonded support
substrate 270 1s between the HCG layer 230 and the second
surface of the transparent substrate 210. FIG. 10 also 1llus-
trates an antireflective layer 250 between the water-bonded
support substrate 270 and the transparent substrate 210. The
antireflection layer 250 may reduce or even prevent a
reflection from an interface between the transparent sub-
strate 210 and the water-bonded support substrate 270 of
differing materials, for example.

FIG. 11 1llustrates a cross-sectional view ol an optoelec-
tronic modulation apparatus 200 employing a high contrast
grating, according to another example consistent with the
principles described herein. The optoelectronic modulation
apparatus 200 illustrated 1n FIG. 11 1s similar to the opto-
clectronic apparatus 1illustrated in FIG. 9. However, as
illustrated 1n FIG. 11, both the spacer layer 240 and the
waler-bonded support substrate 270 include cavities that
coincide with the HCG lens 232. In particular, the spacer
layer 240 includes a cavity 242 and the waler-bonded
support substrate 270 includes a cavity 272. The cavities
242, 2772 may improve a performance of the HCG lens 232
by reducing a refractive index of the medium surrounding
the HCG lens 232, according to various examples. An
antiretlective layer (not illustrated) may be included 1n one
or both of the cavities 242, 272 to reduce reflection at an
interface between a material of the transparent substrate 210
and the watfer-bonded support substrate 270 and the respec-
tive cavities thereol. Also, while not separately 1llustrated,
the configuration of FIG. 11 may include either of the
cavities 242, 272 without the other, according to some
examples. Further, one or both of the examples 1llustrated 1n
FIGS. 7-8 may be realized with a water-bonded support
substrate, similar to the example 1llustrated in FIG. 9.

In some examples consistent with the principles described
herein, a method of optical modulation 1s provided. In some
examples, the method of optical modulation may be pro-
vided by the optical modulation apparatus 100, described
above. In other examples, the optoelectronic modulation
apparatus 200 described above may be used to realize the
method of optical modulation described herein.

FI1G. 12 1llustrates a flow chart of a method 300 of optical
modulation, according to an example consistent with the
principles described herein. The method 300 of optical
modulation includes focusing 310 light into a transparent
substrate using a high contrast grating (HCG) lens. The
focused light passes through the transparent substrate
between the HCG lens and an optical modulator. In particu-
lar, the optical modulator and the HCG lens are adjacent to
opposite surfaces of the transparent substrate. In some
examples, the HCG lens 1s substantially similar to either the
HCG lens 120 of the optical modulation apparatus 100,
described above. In some examples, the transparent sub-
strate 1s substantially similar to the substrate 106 described
above with respect to the optical modulation apparatus 100.

The method 300 of optical modulation further includes
modulating 320 the focused light transmitted through the
transparent substrate using the optical modulator. The modu-
lated 320 light 1s transmitted out of the optical modulator
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one or both of adjacent to a first side of the optical modu-
lation apparatus and in an opposite direction back through
the transparent substrate adjacent a second side of the optical
modulation apparatus.

In some examples, the optical modulator 1s a Fabry-Perot
modulator. For example, the Fabry-Perot modulator may be
substantially similar to the Fabry-Perot modulator 110
described above with respect to the optical modulation
apparatus 100. In particular, 1n some examples, modulating
320 the focused light using the Fabry-Perot modulator
includes one or both of modulating 320 using electroreirac-
tion modulation and modulating 320 using electroabsorption
modulation of the focused light.

Thus, there have been described examples of an optical or
optoelectronic modulation apparatus and a method of optical
modulation that employ a high contrast grating as a lens. It
should be understood that the above-described examples are
merely 1llustrative of some of the many specific examples
that represent the principles described herein. Clearly, those
skilled 1n the art can readily devise numerous other arrange-
ments without departing from the scope as defined by the
tollowing claims.

What 1s claimed 1s:

1. A ligh contrast grating optical modulation apparatus
comprising;

an optical modulator at a front surface of a substrate, the

optical modulator to modulate light received by the
optical modulation apparatus; and

a high contrast grating (HCG) lens adjacent to a back

surface of the substrate opposite to the front surface, the
FICG lens to focus light incident on the optical modu-
lation apparatus as the received light onto the optical
modulator,

wherein the substrate i1s transparent to operational wave-
lengths of the focused incident light and the modulated
light.

2. The high contrast grating optical modulation apparatus
of claim 1, wherein the optical modulator 1s a Fabry-Perot
modulator comprising a Fabry-Perot cavity and a modula-
tion material within the Fabry-Perot cavity.

3. The high contrast grating optical modulation apparatus
of claim 2, wherein the Fabry-Perot modulator 1s one or both
ol an electrorefraction modulator having an electrorefraction
maternal as the modulation maternial and an electroabsorption
modulator having an electroabsorption material as the
modulation material.

4. The high contrast grating optical modulation apparatus
of claim 2, wherein the Fabry-Perot modulator comprises an
active layer between a pair of distributed Bragg reflectors,
the active layer comprising one of a bulk semiconductor
material and multiple quantum wells.

5. The high contrast grating optical modulation apparatus
of claim 1, further comprising an optical circulator to
separate the modulated light produced by the optical modu-
lator from the incident light, wherein the high contrast
grating optical modulation apparatus 1s a retlective opto-
clectronic modulator.

6. The high contrast grating optical modulation apparatus
of claim 1, further comprising another HCG lens adjacent to
the back surface of the substrate and laterally 1, displaced
from the 1mcident light focusing HCG lens, the other HCG
lens to focus and tilt the modulated light produced by the
optical modulator, wherein the lateral displacement of the
respective HCG lenses provides a separation of the incident
light and the modulated light.

7. The high contrast grating optical modulation apparatus
of claim 1, wherein the optical modulator 1s a transmissive
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optical modulator to emit the modulated light 1n a direction
away from the front surface of the substrate and the HCG
lens.

8. An optoelectronic modulation apparatus employing a
high contrast grating comprising:

a transparent substrate having a first surface and a second
surface opposite the first surface, the transparent sub-
strate to transmit light incident on the optoelectronic
modulation apparatus between the first surface and the
second surface;

an optoelectronic modulator at the first surface of the
transparent substrate, the optoelectronic modulator to
modulate the transmitted incident light received
through the transparent substrate from the second sur-
face; and

a high contrast grating (HCG) layer adjacent to the
transparent substrate second surface, the HCG layer
comprising an HCG lens to focus the incident light onto
the optoelectronic modulator as the transmitted inci-
dent light.

9. The optoelectronic modulation apparatus employing a
high contrast grating of claim 8, wherein optoelectronic
modulator comprises a Fabry-Perot modulator to provide
one or both of electrorefraction modulation and electroa.b-
sorption modulation of the transmitted incident light.

10. The optoelectronic modulation apparatus employing a
high contrast grating of claim 8, further comprising a spacer
layer between the HCG layer and the transparent substrate,
the spacer layer to provide a cavity to suspend the HCG lens
spaced from the second surface of the transparent substrate.

11. The optoelectronic modulation apparatus employing a
high contrast grating of claim 8, further comprising a
waler-bonded support substrate to support the HCG layer on
a surface of the waler-bonded substrate.
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12. The optoelectronic modulation apparatus employing a
high contrast grating of claim 11, wherein the HCG layer 1s
on the surface of the water-bonded support substrate adja-
cent to and facing the transparent substrate second surface.

13. The optoelectronic modulation apparatus employing a
high contrast grating of claim 11, wherein the HCG layer 1s
on the surface of the water-bonded support substrate oppo-
site a surface of the water-bonded support substrate that 1s
adjacent to and facing the transparent substrate second
surtace.

14. A method of optical modulation, the method compris-
ng:

focusing light into a transparent substrate using a high

contrast grating (HCG) lens, the focused light transmits

through the transparent substrate between the HCG lens
and an optical modulator; and

modulating the focused light transmitted through the
transparent substrate using the optical modulator, the
optical modulator and the HCG lens being respectively
adjacent to opposite surfaces of the transparent sub-
strate,

wherein the modulated light 1s transmitted out of the

optical modulator one or both of back through the
transparent substrate and 1n a direction opposite to the
transparent substrate.

15. The method of optical modulation of claim 14,
wherein the optical modulator 1s a Fabry-Perot modulator,
and wherein modulating the focused light using the Fabry-
Perot modulator comprises one or both of modulating using
clectrorefraction modulation and modulating using elec-
troabsorption modulation of the focused light.
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